Long-term exposure to environmental oxidative stressors, like the herbicide paraquat (PQ), has been linked to the development of Parkinson's disease (PD), the most frequent neurodegenerative movement disorder. PQ is thus frequently used in the fruit fly Drosophila melanogaster and other animal models to study PD and the degeneration of dopaminergic neurons (DNs) that characterizes this disease. Here, we show that a D 1 -like dopamine (DA) receptor, DAMB, actively contributes to the fast central nervous system (CNS) failure induced by PQ in the fly.
Introduction
Oxidative stress, i.e. the uncontrolled accumulation of reactive oxygen species, plays a central role in aging and major age-related human diseases such as cancer (1) , heart failure (2), neurodegenerative syndromes (3, 4) and, specifically, Parkinson's disease (PD) (5) (6) (7) (8) . PD is a multifactorial movement disorder resulting from the dysfunction and loss of dopaminergic neurons (DNs) in the midbrain substantia nigra pars compacta (SNpc) (9) (10) (11) . No treatment is currently known that could halt or slow the progression of neurodegeneration in this disorder. PD and related diseases are generally sporadic, i.e. without obvious heritability, but familial cases have been described. Several of the ~15 PARK genes whose mutations cause various forms of Parkinsonism were shown to be involved in mitochondrial quality control and oxidative stress pathways (7, 12) . Oxidation of dopamine (DA) itself, or of its metabolites, produces reactive radicals and quinones that can damage cells and interact with PD-related proteins (13) (14) (15) . This combined with the physiological features of the SNpc DNs, including prominent Ca 2+ entry through L-type channels, could account for the specific vulnerability of these cells in PD (6, 16, 17) .
Human epidemiological studies showed that long-term exposure to environmental free radicals generators, such as the herbicide paraquat (PQ, 1,1'-dimethyl-4-4'-bipyridinium) or the insecticide rotenone, is a risk factor for the development of PD (18) (19) (20) (21) . Although the molecular mechanisms of cytotoxicity of PQ and rotenone appear distinct and have not been fully established in vivo (22) (23) (24) , they are known to increase superoxide ion production by mitochondria and generate oxidative damage (23, 25, 26) . These two neurotoxicants have thus been frequently used to mimic PD and study oxidative stress-induced motor deficits and dopaminergic neurodegeneration in animal models such as rodents (22, (27) (28) (29) (30) (31) and Drosophila (32-38). Melatonin, a potent hydroxyl radical scavenger, efficiently protects the flies against these pesticides (32, 39).
In Drosophila, DA is both an essential neuromodulator and a precursor of molecules required for hardening and pigmentation of the external cuticle (40, 41). DA released from fly neurons interacts with specific G protein-coupled DA receptors, either of the D 1 or D 2 subtypes (42, 43) , including D 1 -like dDA1 and DAMB which play key roles in arousal and memory (44, 45) . Here, we show that long-term overexpression of the DA-synthesizing enzyme tyrosine hydroxylase by guest on http://hmg.oxfordjournals.org/ Downloaded from (TH) in the nervous system prolongs the survival of adult PQ-intoxicated flies, and we provide evidence that enhanced PQ resistance results from a downregulation of the DAMB receptor.
Moreover, an augmentation of DAMB expression appears to underlie the age-related increase in PQ susceptibility of young adult flies. This suggests that DA signaling modulates oxidative stress resistance in the Drosophila nervous system. From these and further results, we propose a model for PQ neurotoxicity in which central nervous system (CNS) disturbance would result from the self-reinforcing effects of PQ-induced oxidative stress and a noxious intracellular Ca 2+ signaling mediated by DA receptor overactivation.
Results

Long-term TH overexpression protects against PQ neurotoxicity
Survival of the wild type female Drosophila fed with 20 mM PQ diluted in a 2% sucrose solution was at most 72 h, with ~60% of the flies apparently dead after 24 h (Fig. 1A) . Because dietary PQ strongly inhibits food intake in flies (46), we alternatively applied the drug directly onto the anterior notum of decapitated adult Drosophila, close to the ventral nerve cord (VNC), in order to bypass feeding and digestive tract absorption. Headless flies survive well up to three days when conserved in a moist environment at 25°C. They maintain a normal standing posture, a vigorous righting response, and they can respond to mechanical or pharmacological stimulations with grooming and coordinated locomotion (47) (48) (49) (50) . We observed that death occurred more rapidly when PQ was directly applied to the VNC, compared to oral ingestion. A single 5-s application of a drop of 20 mM or 80 mM PQ diluted in Ringer's solution killed 60-70% of the decapitated flies in approximately 6 h and 2 h, respectively (Fig. 1B) . No significant difference in PQ vulnerability was observed among various control strains in these conditions (Fig. S1 ). Ingested PQ induced characteristic morphological alterations of brain DNs, whose cell bodies became smaller and rounded, suggestive of an entry of these cells into apoptosis, as shown in Fig. 1C for the PPL2
cluster. Similar changes in neuronal morphology were previously described for the PAL, PPL1, and PPM2 clusters (33). Direct application of PQ also altered DN structure in the VNC, leading, after 2 h, to a severe reduction or loss (98.4 ± 0.005%) of their axonal varicosities, which are normally widespread in the ganglion neuropil of untreated flies ( Fig. 1D and E ).
In Drosophila, as in mammals, the TH enzyme is specifically required for DA production in the CNS (41) (Fig. S2) (51) . Resistance of these TH>THg flies to PQ intoxication was significantly enhanced compared to the wild type, leading to increased survival rates 24 h after drug ingestion and 2 h after direct application to the VNC ( Fig. 2A and   B ). Because serotonergic neurons express dopa decarboxylase (Ddc), the second enzyme in the DA biosynthesis pathway (Fig. S2 ), ectopic expression of DTHg can force these cells to produce DA. Surprisingly, TH expression selectively in serotonergic neurons with the TRH-GAL4 driver also resulted in significant protection against PQ ( Fig. 2A and B) . The survival rate of PQ-
ingested TRH>THg flies at 24 h was double that of the wild type ( Fig. 2A) . Thus, enhanced PQ resistance in adult flies can result from a long-term increase in DA synthesis either in DNs or in serotonergic neurons, suggesting that a critical factor for neuroprotection is not the DA level in
DNs but rather the amount of DA released in the CNS.
Enhanced PQ tolerance correlates with downregulation of the DA receptor DAMB
Released DA interacts with specific membrane receptors. We tested if this interaction plays a role in the control of PQ neurotoxicity. DA receptor antagonists were applied together with PQ to the nerve cord of decapitated Drosophila. Application of either SKF-83959 or SKF-83566, two specific antagonists of the D 1 receptor subtypes, markedly enhanced resistance of the flies against PQ. 90 min after PQ application, the survival rate of headless flies increased around twofold in the presence of these antagonists compared to controls treated with PQ alone (Fig. 2C ). In contrast, eticlopride, a specific antagonist of D 2 receptors previously shown to be effective in Drosophila (47), had no significant effect on PQ toxicity (Fig. 2C) 2F-H). Two independent sets of experiments using different techniques, i.e. density analysis of RT-PCR products (Fig. 2G ) and real-time PCR (Fig. 2H) showed similar quantitative results.
This strengthens the conclusion that DAMB is downregulated in adult flies when TH is overexpressed in dopaminergic or serotonergic neurons, and that the DAMB transcript is absent in Damb 1 mutants (as also shown in Fig. 4B ). Thus, various treatments or mutations that resulted in inactivation or downregulation of DAMB, either application of D 1 antagonists, DAMB mutation, or long-term augmentation of DA synthesis, all led to the common effect of increased PQ tolerance. Therefore, DAMB signaling appears to contribute significantly to PQ-induced neurotoxicity in Drosophila.
Age-related decline in PQ resistance correlates to DAMB expression
Newly eclosed 1-day old wild type Drosophila have been reported to be more resistant to PQ exposure than 5-or 10-day old flies which were more sensitive to the toxin (52, 53) , despite no significant difference in food intake between PQ-treated 1-and 5-day old flies (52) . We, indeed, found that the PQ resistance of wild type flies strongly decreased during the first two weeks of adult life: about 95% of the 1-day old flies survived 24 h after PQ exposure against only 8% of the 15-day old flies (Fig. 3A ). Interestingly, DAMB expression level was found to augment progressively during the same period, reaching twice as high in 15-day old flies compared to newly eclosed flies ( Fig. 3B and C) . We therefore tested the evolution with age of PQ susceptibility in the Damb 1 mutant. Strikingly, the mutant flies were strongly resistant at all ages between 1-and 15-days after eclosion (Fig. 3A) . This suggests that DAMB is required for the progressively higher sensitivity of aging flies to PQ-induced oxidative stress.
DAMB inactivation in glutamatergic neurons alleviates PQ neurotoxicity
The DAMB receptor is known to be expressed in the mushroom bodies (45, 54) , a fly brain center involved in the regulation of associative learning and sleep. As described above, DAMB inactivation enhanced the resistance of PQ-fed Drosophila or of decapitated flies when PQ was applied to the nerve cord. We looked, therefore, for DAMB expression in the VNC as well. The structure of the VNC with the relative localization of Glu-and DA-releasing neurons is schematically depicted in Fig. 4A . RT-PCR experiments showed that DAMB mRNA is detectable in both the head and thorax of adult wild type Drosophila but not in the Damb 1 mutant (Fig. 4B ).
Note that the DAMB signal appears stronger in this figure because 40 cycles of amplification were performed instead of 30 in Fig. 2F and 3B, as described in Materials and Methods. DAMBspecific immunostaining confirmed that this receptor is widely expressed in the VNC, specifically in areas containing glutamatergic neurons (GNs) (Fig. 4C) . No immunostaining was observed in the VNC of mutant Damb 1 flies (Fig. 4D) . We used the VGlut-GAL4 driver to express GFP selectively in GNs. Double staining for DAMB and GFP showed that DAMB could be detected in GNs (large arrows) and in other cells (thin arrows) in the VNC (Fig. 4E-G To determine whether DAMB signaling in GNs contributes to PQ-induced lethality, we inactivated DAMB selectively in GNs by targeted RNA interference (RNAi). This led to a significant increase in fly survival under PQ poisoning, by either dietary ingestion or after application of the drug to decapitated flies, compared to the control GAL4 and UAS-RNAi strains ( Fig. 5A and B) . In contrast, expression of the double-stranded DAMB RNAi in DNs with TH-GAL4 had no effect on PQ susceptibility (Fig. 5C ). Conversely, we overexpressed DAMB in GNs and this indeed caused a higher susceptibility of the flies to PQ lethal effects (Fig. 5D) 
Short-term stimulation of GNs or DNs increases PQ susceptibility
DAMB activation elevates intracellular cAMP and Ca 2+ levels (58), which in turn could potentiate neuronal activity and neurotransmitter release. dTRPA1 is a cation-permeant thermal sensor channel that depolarizes neurons when the ambient temperature is raised above 25°C (59).
We expressed dTRPA1 in GNs to assess whether the activity of these neurons can modulate PQ toxicity. Headless adult flies were treated with PQ or plain Ringer's solution and then incubated at 31°C for 2 h. We observed that the expression of dTRPA1 in GNs did not trigger paralysis of the flies at 31°C, indicating that neuromuscular junctions were still functional under this condition. In the absence of PQ treatment, most of the dTRPA1-expressing flies survived the two hours of neuronal overstimulation (80% compared to 93% for control flies that did not express dTRPA1). In contrast, the survival rate of PQ-intoxicated dTRPA1-expressing flies was reduced by half compared to that of the control flies containing UAS-dTRPA1 or VGlut-GAL4 alone ( 
DAMB inactivation protects against DA neurotoxicity
After PQ exposure, DAMB could be overactivated by the large amounts of DA likely to be released from PQ-damaged DNs, thus impairing Drosophila survival under oxidative stress. As a further test of this hypothesis, we applied various dilutions of DA directly to the nerve cord of decapitated Drosophila in the absence of PQ. Interestingly, DA levels higher than 10 mM were found to be lethal in these conditions in a dose-dependent manner, with a median lifespan of ~45 min at 50 mM DA (Fig. 6A ). Here again, the Damb 1 mutant strain was markedly more resistant than the wild type to DA toxicity ( Fig. 6B ): survival rate of Damb 1 Drosophila 2 h after exposure to 35 mM DA was ~1.7 times higher than that of similarly treated wild type flies and close to the survival rate of the untreated wild type. Similar to the results of experiments conducted with PQ ( Fig. 5A and B), we found that targeted inactivation of DAMB by RNAi in GNs and DAMB overexpression in GNs, respectively increased and decreased the survival of headless Drosophila 2 h after DA exposure ( Fig. 6C and D ). This suggests that DA neurotoxicity in Drosophila in part results from DAMB overactivation in GNs.
Decreased cytosolic Ca 2+ protects against PQ neurotoxicity
Since DAMB activation can elevate both cytosolic cAMP and Ca 2+ levels, we tried to determine which of these second messengers could be involved in the detrimental effects induced by the DA receptor under oxidative stress. To raise the level of cAMP in cells, we applied PQ together with forskolin and IBMX to the trunk of decapitated flies. Compared to controls with PQ only, we found that the resistance of the flies with a higher level of cAMP was increased (Fig. 7A ). This result agrees with the view that cAMP generally has a neuroprotective effect in the nervous system (38, [60] [61] [62] . This suggests that cAMP may not take part in the neurotoxic signaling triggered by the DAMB receptor.
As shown above in Fig. 5E (47-49, 75, 76) . This method allows for PQ to diffuse rapidly into the VNC, thus avoiding the use of sucrose solution and digestive tract absorption and also minimizing the time for experiments because lethality occurs a few hours after the brief (5-s) drug application. A potential concern is that the brain and other parts of the CNS located in the head are also oxidatively damaged following PQ ingestion and are absent in decapitated flies.
Although it is likely that the head tissues contribute to PQ susceptibility in entire flies, we always found qualitatively similar results in survival tests when comparing PQ ingestion and direct application to decapitated animals, as shown here in Fig. 1, 2 and 5. This shows that both methods can be used with confidence to analyze PQ neurotoxicity effects.
Because PQ is an environmental risk factor for PD (18, 77) that causes selective loss of SNpc
DNs in animal models (78) (79) (80) , it is essential to investigate the relationship between PQ-induced toxicity and the neural dopaminergic system. The selective susceptibility of SNpc neurons to PD factors is thought to arise in part from the pro-oxidant properties of DA and of its metabolites (13) (14) (15) 17) . This suggests that increasing DA levels in neurons should enhance PQ susceptibility.
Intriguingly, a previous study in Drosophila showed that mutations that augment DA levels have the opposite effect, causing enhanced PQ tolerance, whereas mutations that diminish DA pools increase fly vulnerability (33). Here, we found that increasing DA synthesis in neurons, by overexpressing the TH gene during fly development, extended PQ tolerance both after ingestion and direct application of the toxin. PQ-induced neurotoxicity appears therefore to be a primary cause of death in Drosophila that precedes a slower systemic organ failure.
Surprisingly, a similar protective effect was observed when DA synthesis was increased either in dopaminergic or in serotonergic neurons, suggesting that a critical factor for DA-mediated neuroprotection is the amount of DA released over time in the extracellular space rather than the level of DA inside DNs. Consistent with this interpretation, it was reported that flies overexpressing throughout life the vesicular monoamine transporter (VMAT) in DNs, a genetic way to increase DA release, showed enhanced resistance to PQ (36). We subsequently gathered an array of evidence agreeing with this hypothesis and arguing for the involvement of a DA receptor in PQ susceptibility ( Fig. 2 and 3 On the other hand, we also present evidence that a sudden increase in extracellular DA triggered by acute PQ intoxication in naïve flies directly contributes to fly death. PQ-induced DA release could not be demonstrated here because of the small size and low accessibility of the adult Drosophila CNS. However, it was demonstrated in mammals (see below) and suggested by the rapid morphological alterations of DNs in PQ-intoxicated flies (Fig. 1) . Here, we provide two arguments in favor of this hypothesis. First, short-term stimulation of DNs by dTRPA1 activation in the adult fly CNS strongly aggravated the detrimental effects of PQ (Fig. 5F ). Second, brief exposure of headless flies to DA levels higher than 10 mM, in the absence of PQ, was enough to induce progressive lethality in the following hours (Fig. 6A) . These experiments show that a sudden increase in the extracellular DA level is neurotoxic in Drosophila. Interestingly, Damb 1 mutant flies appear much less susceptible to DA toxicity than wild type flies (Fig. 6B) , as is the case with PQ susceptibility. This indicates that a significant portion of DA neurotoxicity results from the activation of DAMB. Therefore, PQ could primarily target DNs, causing abnormal extracellular DA, which would then aggravate oxidative damage by overactivating the DAMB receptors located on nerve terminals of neighboring neurons.
Because headless Damb 1 mutants are also less susceptible to PQ toxicity, we searched for the presence of the DAMB receptor in the VNC. DAMB is indeed expressed in neuronal subtypes in this tissue, including glutamatergic motor neurons (Fig. 4C-G) . We also find that glutamatergic projections are widespread in the VNC neuropil and often located close to dopaminergic varicosities ( Fig. 4H-M detrimental effects of those compounds ( Fig. 5A and B and Fig. 6C ). This conclusion is strengthened by the fact that, in contrast, overexpressing DAMB in GNs increased susceptibility to either PQ or DA (Fig. 5D and Fig. 6D ). In accordance with these results, other reports demonstrated a central role for GNs in Drosophila PQ susceptibility. Thus, targeted expression of either the human superoxide dismutase, SOD1, or the mitochondrial heat shock protein, Hsp22, within glutamatergic motor neurons significantly increased Drosophila survival after PQ poisoning (68, 81) .
Mechanisms of DAMB-mediated potentiation of PQ susceptibility
How can DAMB overactivation trigger CNS failure and death under PQ exposure? It is known that increased cytosolic Ca 2+ in neurons can mediate or potentiate the damaging effects of oxidative stress and excitotoxicity (82) (83) (84) . One possibility, therefore, is that DAMB signaling in PQ-intoxicated flies abnormally elevates cytosolic Ca 2+ and cAMP levels in neurons expressing the receptor, leading to aberrant release of Glu and other neurotransmitters and enhanced excitotoxic defects (85, 86) . Accordingly, we previously showed that flies with reduced Glu buffering capability are more susceptible to PQ exposure (85) . This hypothesis also agrees with novel observations reported here, e.g. the localization of DAMB in GNs of the VNC, the enhanced PQ susceptibility of flies in which GNs are stimulated with the cation channel dTrpA1 (Fig. 5E) , and the striking resistance of a ryanodine receptor mutant to PQ neurotoxicity (Fig.   7B ). A raised level of cytosolic Ca 2+ appears, therefore, to be an important component of the neurotoxic effects of PQ in Drosophila and could lead to aberrant Glu release. In contrast, an increase in cAMP level appears to be neuroprotective in the same conditions (Fig. 7A) . However, more experiments are needed before we could conclude that DAMB-mediated activation of cAMP signaling does not play a role in PQ neurotoxicity. Finally, we also report that DAMB overexpression in all neurons or in specific neuronal subpopulations, i.e. dopaminergic or cholinergic cells, in the absence of PQ, arrests development of the flies during the final steps of metamorphosis ( Table 1 ), indicating that DAMB signaling can be by itself potently neurotoxic. It can be noted that a comparable lethal effect was previously reported following panneuronal expression of the Drosophila adenosine receptor that also activates cAMP and calcium signaling (87) . The reasons why DAMB overexpression in other cell types, such as GNs, serotonergic neurons, and glial cells, has no detrimental effect on fly survival are still to be unraveled.
Further data from the literature supports the excitotoxicity hypothesis of PQ action. In Drosophila, a hypomorphic mutant of methuselah (mth), a gene encoding a peptide-binding G protein-coupled receptor, has an increased average lifespan and enhanced resistance to various stress, including dietary PQ (53, 88) . Interestingly, evoked Glu release from motor neurons in this mth mutant is decreased by ~50% owing to reduced synaptic area and synaptic vesicle density (89) . Such a decrease in Glu release capability could be an advantage under oxidative stress conditions by delaying excitotoxic insults. In another system, i.e. the striatum of freely moving rats, it was demonstrated that PQ dose-dependently elevates extracellular Glu and DA levels. The increase in extracellular DA level lasted for more than 24 h after the PQ treatment.
Pharmacological evidence showed that PQ-stimulated Glu efflux initiates a cascade of excitotoxic reactions eventually leading to damage of striatal dopaminergic terminals (90) .
A proposed model for PQ neurotoxicity
Overall, our results suggest that the activation state of a DA receptor contributes to oxidative stress susceptibility in Drosophila and lead to a proposed model for PQ neurotoxicity, schematically depicted in Fig. 7C . Large amounts of DA released under acute oxidative stress in naïve flies would overactivate DAMB, triggering Ca 2+ release in the cytosol through the ryanodine receptor, leading to neuronal dysfunction and finally causing nervous system failure.
This hypothesis is supported by the following experimental evidence: extracellular DA is by itself lethal at high doses, short-term stimulation of DNs or GNs increases PQ susceptibility, and, in GNs, DAMB inactivation and overexpression respectively protects against and sensitizes to, either PQ-or DA-induced toxicity. The fact that acute stimulation of specific neuronal subsets increased PQ susceptibility in flies, importantly correlates neuronal activity and oxidative stress tolerance. In contrast, moderate and long-term augmentation of DA synthesis in the CNS downregulate DAMB, leading to better resistance against oxidative stress.
We may infer from this model that modulating downstream DAMB signaling in response to a mild and prolonged oxidative stress exposure could elevate resistance in adult flies. Such an adaptive "hormetic" effect might be used in Drosophila and other insects to survive under conditions of raised environmental stress. An adaptive increase in oxidative stress resistance was indeed recently demonstrated in Drosophila and it was shown to depend on the induction of the Nrf2 antioxidant response pathway (91) . A potential relation between DAMB signaling and the Nrf2 pathway remains to be investigated. or Ringer's only for controls, was applied for 5 s with a P10 Pipetman to the VNC at the anterior notum as described (47) . The same droplet was successively used for 10 flies. Then flies were incubated at 25°C in the same conditions as those intoxicated by ingestion. A concentration of 80 mM PQ was generally used that gave 30-40 % survival with 7 to 10-day old wild type flies after 2 h (Fig. 1B and Fig. S1 ). Flies were considered as dead when they laid on the side or back and did not react to a light mechanical stimulus. Survival was monitored every 30 min and graphs present survival at 2 h unless otherwise noted. A similar procedure was used to assay for DA toxicity. Short-term stimulation of DNs also markedly increased PQ neurotoxicity. In all panels, values were normalized to the mean survival rate of respective UAS strain controls. Because elav-GAL4 is inserted on the X chromosome and male driver flies were used, only the female progeny of this cross inherited the GAL4 transgene.
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